Abstract. We examine data from a topside ionosphere and two magnetospheric missions (CHAMP, Cluster and Geotail) for signatures of ultra low frequency (ULF) waves during the exceptional 2003 Halloween geospace magnetic storm, when Dst reached ∼ −380 nT. We use a suite of waveletbased algorithms, which are a subset of a tool that is being developed for the analysis of multi-instrument multi-satellite and ground-based observations to identify ULF waves and investigate their properties. Starting from the region of topside ionosphere, we first present three clear and strong signatures of Pc3 ULF wave activity (frequency 15-100 mHz) in CHAMP tracks. We then expand these three time intervals for purposes of comparison between CHAMP, Cluster and Geotail Pc3 observations but also to be able to search for Pc4-5 wave signatures (frequency 1-10 mHz) into Cluster and Geotail measurements in order to have a more complete picture of the ULF wave occurrence during the storm. Due to the fast motion through field lines in a low Earth orbit (LEO) we are able to reliably detect Pc3 (but not Pc4-5) waves from CHAMP. This is the first time, to our knowledge, that ULF wave observations from a topside ionosphere mission are compared to ULF wave observations from magnetospheric missions. Our study provides evidence for the occurrence of a number of prominent ULF wave events in the Pc3 and Pc4-5 bands during the storm and offers a platform to study the wave evolution from high altitudes to LEO. The ULF wave analysis methods presented here can be applied to observations from the upcoming Swarm multi-satellite mission of ESA, which is anticipated to enable joint studies with the Cluster mission.
Introduction
Magnetospheric ultra low frequency (ULF) waves play an important role in the overall dynamics of geospace plasmas and particularly in radiation belt dynamics (e.g., Baker and Daglis, 2007) . ULF waves are large-scale phenomena, and in principle, simultaneous observations at many locations are needed to understand in depth their generation and propagation (Takahashi and Anderson, 1992) . Oscillations with quasi-sinusoidal waveform are called pulsations continuous (Pc) . Those with waveforms that are more irregular are called pulsations irregular (Pi) and are associated with magnetospheric substorms. In particular (Jacobs et al., 1964) , continuous pulsations with frequencies in the range 1 mHz to 5 Hz, denoted as Pc1-2 (100 mHz-5 Hz), Pc3 (20-100 mHz), Pc4 (7-20 mHz), and Pc5 (1-7 mHz), have been extensively studied using measurements from both space-borne and groundbased instruments for many years (for a recent review see Menk, 2011) . They are broadly of two types, depending on whether their energy source originates in the solar wind on the dayside or from processes within the magnetosphere (e.g., substorms and other instabilities in the magnetotail) on the nightside.
A large number of past studies employing measurements from ground magnetometers, radar and geosynchronous satellites were focused on their polarization properties, Moreover, the three time intervals that Pc3 ULF wave activity was initially identified in CHAMP observations and were selected and further expanded into two-hour intervals for analysis using Cluster and Geotail measurements are marked in red.
occurrence distribution, dependence on solar wind parameters, relation to geomagnetic storms and substorms and lastly, associated particle flux modulations. These studies revealed that toroidal and poloidal mode field line resonances together with compressional Pc5 waves account for most of the observed coherent pulsations observed in the outer magnetosphere (Anderson et al., 1990) . Multipoint observations show that upstream ULF waves in the Pc3-4 bands are generated in the foreshock region and entering and propagating through the magnetosphere as compressional waves (Sakurai et al., 1999; Constantinescu et al., 2007; Heilig et al., 2007; Clausen et al., 2009) .
Externally excited ULF waves are intimately related to shear instabilities at the dawn and dusk flanks of the magnetopause (Engebretson et al., 1998) or driven by quasiperiodic variations of the solar wind dynamic pressure on the dayside magnetopause (Kepko et al., 2002) . Solar wind upstream waves may also directly enter near the equatorial noon subsolar point or the high latitude cusp regions (Kessel et al., 2004, and references therein) . ULF wave excitation is also caused by sudden impulses (solar wind pressure pulses) on the magnetosphere (Southwood and Kivelson, 1990; Zong et al., 2009; Sarris et al., 2010) .
In particular, observations of ULF waves with discrete frequencies of 1.3 mHz, 1.9 mHz, 2.8 mHz and 3.4 mHz provide evidence for the existence of magnetohydrodynamic (MHD) waveguide or cavity modes in the magnetosphere (Samson et al., 1992; Lee et al., 2007) . The characteristic frequencies of ULF waves have been, however, found to be widely distributed, suggesting the existence of alternative sources from which they draw their energy.
Low-frequency instabilities of the ring current plasma during periods of intense geomagnetic activity are closely related with waves observed during geomagnetic storms (Ukhorskiy et al., 2009) . The drift and bounce motions of energetic particles of the ring current may lead to fluctuations of electric and magnetic fields in the magnetosphere and ionosphere in the case of excess available energy (Baddeley et al., 2002) .
The ULF wave characteristics vary throughout the magnetosphere because the geomagnetic field and magnetospheric plasma are strongly inhomogeneous on the wavelength scale of these waves. Magnetospheric ULF waves are spatially constrained by the magnetopause, which defines the boundaries of the magnetosphere, as well as by the extent of the plasmasphere and ionosphere.
Moreover, inhomogeneities limit the accessibility of ULF waves to particular regions of the magnetosphere. For instance, the ratio of plasma density on the two sides of the plasmapause, separating the cold dense plasma in the inner magnetosphere and the hot low-density in the outer magnetosphere, can be larger than a factor of 100 . Furthermore, the frequency of ULF waves propagating through the magnetosphere is determined by the plasma composition. Enhanced populations of heavy ions (He + and O + ), which have been observed during magnetospheric substorms (e.g., Daglis et al., 1994; Daglis and Axford, 1996) and, especially, during geospace magnetic storms (e.g., have a profound effect on the wave resonant frequency and harmonics (e.g., Thorne and Horne, 1997) . Unlike the case of an O + ions torus, a steep plasmapause observed in the He + ions is followed by an increase in the ULF wave resonance frequency .
The Halloween 2003 magnetic storm (29 October 2003 -31 October 2003 was a rare event that caused an extreme distortion of the outer Van Allen radiation belt (Baker et al., 2004 ), which was depleted and then re-formed closer to the Earth. This event offered a unique opportunity to study the wave-particle interactions in the radiation belts (Horne et al., 2005; Loto'aniu et al., 2006) and provided an ideal set of conditions to examine magnetospheric/ionospheric responses to solar wind (Harnett et al., 2008) . The Halloween 2003 magnetic storm had a double peak (see the Dst index plot from 27 to 31 October 2003 in Fig. 1 Starting from CHAMP data and using a wavelet analysis technique, we present three representative intervals with clear ULF wave signatures in the Pc3 frequency band. For these time intervals, we also present corresponding observations from Cluster and Geotail. The simultaneous occurrence of Pc3 waves at various satellites offers a useful platform to study the wave occurrence and evolution from high altitude observations to LEO, and from the outer magnetosphere to the topside ionosphere. We also study the occurrence of Pc4-5 waves in the Cluster and Geotail locations throughout the storm. The results of our approach, combining observations from a LEO satellite with magnetospheric multi-satellite missions, demonstrates the applicability of our methods to data of the upcoming Swarm three-satellite constellation of ESA. Swarm is the first LEO multi-satellite mission to study the near-Earth electromagnetic environment.
Data analysis based on wavelet transforms
ULF waves have been traditionally identified through visual inspection of series of spectrograms based on the Fast Fourier Transform (FFT). Motivated by the continuously increasing amount of data collected by space missions and groundbased instruments, algorithms have been developed based on FFT spectra to automatically examine spectrograms and identify ULF waves. Therefore, a variety of automated FFT routines exist Loto'aniu et al., 2005; Bortnik et al., 2007) .
Since the 1990s, the wavelet spectral analysis has become popular, as it allows the quantitative monitoring of localized variations of power within the time series data (for example, Alexandrescu et al., 1996; Balasis et al., 2005 Balasis et al., , 2006 Balasis and Mandea, 2007) . Furthermore, Heilig et al. (2007) developed an algorithm for the selection of possible ULF waverelated pulsation events from both ground and space magnetometer data. Other examples of the application of wavelets (continuous and discrete) to space data can be found, for instance, in Nose et al. (1998) and Murphy et al. (2009) .
In some way, the wavelet transform is a generalized form of the Fourier transform. The main difference of wavelets is that the temporally confined basis functions used in the wavelet transform to decompose a time series can be stretched with a flexible resolution in both frequency and time. They narrow while focusing on high-frequency components and widen while searching for the low-frequency background. Thus, the frequency range of the analyzing wavelets corresponds to the spectral content of time series components (Torrence and Compo, 1998) .
The wavelet transform can be superior to the Fourier spectral analysis when the spectral properties of transient, impulsive, short-lived or non-stationary signals need to be analyzed. While the Fourier transform provides fixed frequency resolution and is well suited for the representation of a continuous, long-lasting signal, the wavelet analysis can provide sufficient frequency resolution to a continuous wave band at the lower frequency range of the wavelet window, and better time resolution at the higher-frequency band of the wavelet window at the expense of frequency resolution. If the nature of the investigated signal is well known in advance, one can judiciously select either the Fourier or wavelet transform for the better representation and analysis of the signal in the frequency domain. However, when it is necessary to search for either continuous or impulsive signals and the nature of the signal is not a priori known, then a wavelet transform is more appropriate, particularly if the frequency band being investigated is carefully placed in the middle range of the wavelet frequency range so that both time and frequency resolution are carefully balanced. Our goal of investigating ULF waves on the ground and in space, which can be continuous, impulsive, stationary or propagating, points to the wavelet as the most appropriate spectral analysis technique for the search and investigation, particularly in the form of an automated tool.
It is therefore not surprising that wavelet analysis is becoming a common tool for analyzing localized variations of power within a time series. By decomposing a time series into time-frequency space, one is able to determine both the dominant modes of variability and how those modes vary in time. The advantage of analyzing a signal with wavelets as the analyzing kernel is that it enables one to study features of the signal locally with a detail matched to their scale. Balasis et al. (2005) performed wavelet spectral analysis of magnetic field magnitude data derived from CHAMP 1 Hz vector fluxgate magnetometer (FGM) measurements, covering a period of approximately three years (August 2000 -May 2003 . The wavelet spectral analysis of CHAMP data proved to be capable of detecting, identifying and classifying artificial noise sources, such as instrument problems and pre-processing errors, as well as high frequency natural signals of external fields, including ionospheric plasma bubbles and magnetospheric ULF waves.
Furthermore, Balasis and Mandea (2007) Mandea and Balasis (2006) to satellite magnetic data with the aim to investigate the effects of a giant flare from magnetar SGR 1806-20 on the near-Earth electromagnetic environment, thus showing remarkable applicability to the delineation of fine electromagnetic structures contained within geophysical signals. There are several parameters of the wavelet transform, such as frequency range, power spectral density amplification factor, which need to be correctly adjusted in order to capture different kind of anomalous signals. In our present study, we apply the same values determined by Balasis and Mandea (2007) for tuning the wavelet transform.
Specifically, we use the continuous wavelet transform with the Morlet wavelet as the basis function on magnetic field measurements from the LEO satellite CHAMP, the We use a Mean Field-Aligned (MFA) coordinate system in the analysis of the satellite observations in order to separate ULF field variations perpendicular to, as well as along the . From top to bottom are shown the time series of the CHAMP total magnetic field, calculated from the 1 Hz FGM data after applying a 16 mHz high-pass filter, its corresponding wavelet power spectrum as well as the temporal variation of the CHAMP electron density data along with its magnetic latitudinal dependence, indicating that the satellite was moving from the North to the South Pole. The corresponding MLT values are also given at the bottom of the graph. A prominent Pc3 ULF wave is observed starting at around 07:52 UT and lasting ∼15 min. The strong ionospheric currents' signatures near the poles that cover lower frequencies can also be seen in this plot.
magnetic field direction. The unit vectors of the MFA coordinate system are defined as follows: the parallel component in the coordinate system,p, is obtained from a 20-min running average of the instantaneous magnetic field. The other components are then chosen to beφ = p × R / p × R , where R is the radius vector of the satellite, andr =φ ×p. Thus, ϕ is the azimuthal component and is positive eastward, whilê r, completing the orthogonal system is meridional and points radially outward at the magnetic equator. ULF waves in thep,φ andr directions are referred to as compressional, toroidal and poloidal, respectively. It should be noted that the average magnetic field has been subtracted from the projection of the magnetic field onto the average unit vectorp. The 20-min running average applied to the field during coordinate rotation acts as a high-pass filter.
Nonetheless, in the case of the standard transformation of LEO satellite measurements into an Earth-oriented frame adds undesirable attitude noise to the data (Heilig et al., 2007) ; thus, generating clean vector data requires a lot of manual intervention. However, as the compressional (fieldaligned) component dominates over the transverse components, the wave signature can well be derived from the total field variations for a LEO satellite (Jadhav et al., 2001; Heilig et al., 2007) . Therefore, CHAMP total magnetic field can be considered a fairly good approximation of its compressional component for studying ULF waves.
Observations
The solar activity in the end of October 2003 initiated a series of intense magnetospheric disturbances during two successive deep reductions of the Dst index (see Fig. 1 ) as two consecutive CMEs impacted the Earth's magnetosphere. In Fig. 1 , the three days that include the storm onset, the first storm peak (−353 nT) with the associated short recovery phase as well as the second storm peak (−383 nT) along with the regular recovery phase, i.e., 29, 30 and 31 October 2003, are labeled in red. The "Halloween" storm, 29-31 October 2003, has received considerable interest and analysis from both ground and space instrumentation, as it offers a great opportunity of understanding the response of the magnetosphere-ionosphere system to strong and continuous driving. During the Halloween storm, Geotail enters the magnetosphere on the dusk side and orbits around the nightside of . From top to bottom are shown the time series of the CHAMP total magnetic field, calculated from the 1 Hz FGM data after applying a 16 mHz high-pass filter, its corresponding wavelet power spectrum as well as the temporal variation of the CHAMP electron density data along with its magnetic latitudinal dependence indicating that the satellite was moving from the north to the south pole. The corresponding MLT values are also given at the bottom of the graph. A prominent Pc3 ULF wave is observed starting at around 14:44 UT and lasting ∼15 min. The strong ionospheric currents' signatures near the poles covering lower frequencies can also be seen in this plot.
the magnetosphere near the equatorial plane, while Cluster's orbit has its apogee far off the equatorial plane on the dusk Northern Hemisphere of the magnetosphere. In Fig. 2 the locations of Cluster-1 and Geotail satellites in the Geocentric Solar Ecliptic (GSE) coordinate system and for the xy-and xz-planes are shown from 00:00 UT on 30 October 2003 to 23:59 UT on 31 October 2003. Herein, we study the ULF wave activity that accompanied the Halloween storm using observations obtained by a topside ionosphere mission and two magnetospheric missions, whereas previous ULF wave observations made by a LEO mission have only been compared to ground measurements (e.g., Heilig et al., 2007) .
In this section we start our analysis from the region of topside ionosphere. We first present three clear and strong signatures of Pc3 ULF wave activity (frequency 15-100 mHz) found by examining the tracks of the CHAMP satellite. The CHAMP track represents the satellite's half-orbit as it moves from one pole to another and lasts approximately 45 min. We then expand these three time intervals in order to have a twohour duration for purposes of comparison between CHAMP, Cluster and Geotail Pc3 observations but also to be able to search for Pc4-5 wave signatures (frequency 1-10 mHz) into Cluster and Geotail measurements associated with the Halloween storm. Due to the fast motion through field lines in a LEO orbit we are able to reliably detect Pc3 (but not Pc4-5) waves from CHAMP.
The CHAMP satellite was launched in July 2000 into an almost circular, near-polar orbit with a period of 94 min and an initial altitude of 454 km . The intense solar activity of solar cycle 23 had degraded the orbit altitude to ∼400 km at the time of the Halloween storm, in October 2003. CHAMP re-entry occurred in 2010. The low Earth orbit of CHAMP allows a global view of the topside ionosphere within the relatively short time of a full orbit.
Cluster, which consists of four identical spacecraft flying in a tetrahedral configuration (Escoubet et al., 1997) , was launched in 2000 with the aim to investigate the Earth's magnetic environment at multiple scales. The four Cluster spacecraft, therefore, represent a valuable tool for the analysis of magnetospheric ULF pulsations, as shown by a plethora of recent studies (e.g., Eriksson et al., 2005; Schäfer et al., 2007; Clausen et al., 2009) . For this purpose, the Cluster spacecraft were originally placed in a 4 × 19.6 R E elliptical polar . From top to bottom are shown the time series of the CHAMP total magnetic field, calculated from the 1 Hz FGM data after applying a 16 mHz high-pass filter, its corresponding wavelet power spectrum as well as the temporal variation of the CHAMP electron density data along with its magnetic latitudinal dependence indicating that the satellite was moving from the north to the south pole. The corresponding MLT values are also given at the bottom of the graph. A prominent Pc3 ULF wave is observed starting at around 22:25 UT and lasting ∼20 min. The strong ionospheric currents' signatures near the poles covering many frequencies can also be seen in this plot.
orbit with a period of 57 h. For our study, we used magnetic field measurements from the FGM instrument (Balogh et al., 1997) with a time resolution corresponding to one spacecraft spin period, namely 4 s, with a Nyquist frequency of 125 mHz. During the Halloween storm the Cluster probes were flying in close configuration, and no significant differences are seen in the ULF wave occurrence between the different probes. Therefore, we only present here the observations from the Cluster-1 satellite. The Geotail satellite was launched in July 1992 with the aim of studying the structure and dynamics of the Earth's magnetotail over a wide range of distances, extending from the near-Earth region (8 R E from the Earth) to the distant tail (∼200 R E ). Since February 1995, when it fulfilled its original objective, Geotail has been placed in an elliptical 9 by 30 R E orbit from where it is providing data on different aspects of the solar wind interaction with the magnetosphere. For this study, we used magnetic field measurements collected by Geotail when the spacecraft traversed from the upstream region of the quasi-perpendicular shock, through the duskside magnetosheath to the nightside outer magnetosphere and the dawnside magnetosheath. The Geotail spacecraft carries fluxgate magnetometers along with a search coil magnetometer, providing magnetic field data in the frequency range below 50 Hz (Kokubun et al., 1994) . The Geotail data used have a time resolution of 3 s, with a Nyquist frequency of 167 mHz.
ULF wave activity in a LEO orbit
Figure 3 presents CHAMP total magnetic field time series derived from the 1 Hz FGM measurements after applying a 16 mHz high-pass filter along with its corresponding wavelet power spectrum in the Pc3 frequency band (8-128 mHz). It was empirically found that a cutoff of 16 mHz for the highpass filter used at the preprocessing of the time series is able to reduce the amplitude of pulsations with frequencies lower than or equal to 10 mHz by approximately 90 %. Thus, by this choice, we are certain that all low-varying background activity will be eliminated, as well as any possible contribution by Pc5 ULF waves. Using a higher cutoff would eradicate all influence by Pc4 waves as well, but then Pc3 waves would also suffer its effects, so the selection of 16 mHz was made as a reasonable compromise, in order to leave Pc3 and higher frequency waves as unaffected as possible. The Fig. 1 , refers to the middle part of the short recovery phase of the magnetic superstorm, characterized by the first minimum of Dst index (i.e., −353 nT), it also includes electron density data derived from the 15 s Planar Langmuir Probe (PLP) measurements. The inclusion of the electron density recordings helps to identify time segments of the signal that contain signatures of post-sunset equatorial spread F (ESF) events (Stolle et al., 2006) , and therefore, discriminate between Pc3 wave and plasma depletion occurrence. The corresponding values of the CHAMP magnetic latitude (shown in red) and magnetic LT (MLT) are also provided in the graph. It is worth noting that Pc3 waves are observed over the auroral zones and the dayside equator, while wave power decreases significantly at mid-latitudes, a profile that we attribute to strong ionospheric currents (see also Fig. 6 ). Furthermore, a dramatic north to south asymmetry in the Pc3 waves was observed over the auroral zones. On the other hand, because the equatorial electrojet disappears on the nightside, Pc3 wave power has significantly decreased over the nightside equator. Wave activity that is sporadically observed in the nightside is likely due to phenomena like currents enhanced during substorms or the propagation of Pi2 waves from the magnetotail.
In Fig. 1 , the three time intervals in which Pc3 ULF wave activity was initially identified in CHAMP observations on the morning of 30 October 2003 and in the afternoon and evening of 31 October 2003, which are selected and further expanded into two-hour intervals for analysis using Cluster and Geotail measurements, are marked in red. Moreover, the locations of Cluster-1 and Geotail satellites during these three time intervals are highlighted in Fig. 2. 
Event 1: 07:00-09:00 UT on 30 October 2003
Centered around the first Pc3 wave event identified in the CHAMP 1 Hz FGM measurements, Fig. 6 presents the total magnetic field time series along with its corresponding wavelet power spectrum in the Pc3 band (8-128 mHz) from 07:00 to 09:00 UT on 30 October 2003. Electron density recordings collected by the PLP instrument are also shown during this interval in the recovery phase of the first magnetic superstorm studied. LEO satellites such as CHAMP traversing the topside ionosphere are usually considered to be able to adequately observe waves only in higher ULF frequencies (see also Sect. 3 above). On the other hand, the Cluster-1 poloidal, toroidal and compressional magnetic field time series, derived from the 4 s FGM measurements, after applying a 16 mHz and a 2 mHz high-pass filter, are shown in Figs. 7 and 8 along with their corresponding wavelet power spectra in the Pc3 and Pc5 (1-32 mHz) frequency band. The ULF oscillations, clearly visible on the quiet background, are similar on all four satellites of the Cluster mission and therefore provide an indication of the scale-size of the waves, which is related to the satellites' distances of separation. The MFA components of the magnetic field time series are, however, shown only for the Cluster-1 satellite.
In Figs. 9 and 10, the poloidal, toroidal and compressional magnetic field time series, derived from the 3 s FGM measurements of Geotail, after applying a 16 mHz and a 2 mHz high-pass filter, are shown along with their corresponding wavelet power spectra in the Pc3 and Pc5 frequency band. It is worth noting that Sakurai and Tonegawa (2005) During the recovery phase of the first peak of magnetic superstorm, the Geotail satellite traversed through the dusk-side magnetosheath towards the outer magnetosphere (Fig. 2) . In the heart of the magnetosheath, there are no noticeable oscillations in the three components of the magnetic field, but appear only as the satellite approaches the magnetopause. In light of this, the Pc5 observations made both by the Geotail satellite as well as the Cluster-1 satellite well within the magnetosphere are attributed to shock waves compressing the Earth's magnetosphere (pressure pulse excitation mechanism of ULF waves as discussed in the Introduction). Associated with the interplanetary coronal mass ejection (ICME) that was observed on 29 October 2003, the shock speed estimated from the travel time from the Sun to the Earth exceeded 2000 km s −1 .
Visible to the naked eye is the changing distance in time between the peaks of the waves, indicating the frequency is changing with the radial distance from the Earth. We will return to this in the subsequent sections on ULF waves observed as the second stronger peak (−383 nT) of the magnetic superstorm that was in progress.
Event 2: 14:00-16:00 UT on 31 October 2003
With the simultaneous observations from the CHAMP, Cluster-1 and Geotail satellites, we studied long-lasting Pc3 and Pc5 waves in the recovery phase of the second peak of the magnetic superstorm when the Dst index had a value below −80 nT. From 14:00 to 16:00 UT on 31 October 2003, the Cluster-1 satellite flew in the dawnside Northern Hemisphere of the magnetosphere, while the Geotail satellite was in the duskside of the magnetosheath, providing us with a unique opportunity to study also the ULF waves' global distribution (Fig. 2) . Figures 11 and 12 show the wavelet power spectra of FGM measurements from the CHAMP, Cluster-1 and Geotail satellite covering the Pc3 and Pc5 frequency bands, respectively. Specifically, the upper panel corresponds to the continuous wavelet power spectra of the CHAMP total magnetic field measurements, followed by the wavelet analysis results of each MFA magnetic field component observed by the Cluster-1 and Geotail satellites. From top to bottom, the radial magnetic field B r , azimuthal magnetic field B ϕ and parallel magnetic field B are, however, not consistent.
In the period from 14:24 UT to 15:24 UT, among the MFA components of Cluster-1 magnetic field time series, the radial component had the largest amplitude, the azimuthal component was smaller, and the parallel component was the weakest. As we can see in Fig. 11 , from the radial to the parallel component, the wavelet power spectrum density in the Pc3 frequency band decreased from 6 nT 2 Hz −1 to approximately 4 nT 2 Hz −1 . The frequency range covered by the wavelet power enhancement in the three MFA magnetic field components was among 16-60 mHz, with the spectrum peak frequency near 34 mHz.
The amplitude of the wavelet power enhancement observed by the Cluster-1 and Geotail satellites in the Pc5 frequency band also varied; the MFA magnetic field component with the largest amplitude observed by both Cluster-1 and Geotail was the parallel. From the radial to the parallel component, the wavelet power spectrum density decreased from approximately 4.2 nT 2 Hz −1 to 6 nT 2 Hz −1 . The wavelet power enhancement in the three MFA magnetic field components seen in Fig. 12 was between 2-4 mHz, with the spectrum peak frequency near 2.8 mHz.
From these observations, we can conclude that Pc3 and Pc5 waves can simultaneously occurred and be observed over a large portion of the magnetosphere, from the outer limits to the topside ionosphere and from morning to evening with a similar spectral frequency. Nonetheless, in the time interval before 14:36 UT neither Pc3 nor Pc5 waves are observed by the Geotail satellite. In the magnetosheath where the Geotail satellite was located, ULF waves are common and an important source for Pc3-5 waves observed in the magnetosphere. Although ULF waves have an important role to play in the solar wind-magnetosphere energy coupling, inhomogeneity due to the stress of the increased solar wind dynamic pressure exerted on the magnetopause seems to have a crucial effect on the generation or propagation of ULF waves (i.e., Blanco-Cano et al., 2006 , and references therein). is separated in the Pc3 and Pc5 frequency band. Similarly to Sect. 3.3, the upper panel corresponds to the continuous wavelet power spectra of the CHAMP total magnetic field measurements, followed by the wavelet analysis results of each MFA magnetic field component observed by the Cluster-1 and Geotail satellites. From top to bottom, the radial magnetic field B r , azimuthal magnetic field B ϕ and parallel magnetic field B are, however, not consistent.
Event
Pc3 waves are observed throughout the trajectory of the CHAMP, Cluster-1 and Geotail satellites, but more pronounced along the LEO of the CHAMP satellite between 22:00 and 22:30 UT and in the parallel MFA component of the magnetic field as this was measured by Geotail. The peak wavelet power spectrum density reaches a value of approximately 6 nT 2 Hz −1 . The three satellites observations are different in terms of amplitude as well as frequency. The Pc3 waves observed by Cluster-1 between 21:00 and 21:30 UT are mainly in the lower frequency part of the spectra, while the high-frequency waves observed by Geotail are not visible. The Pc3 waves frequency range is observed between 32 and 64 mHz.
The frequency of ULF waves is not affected only by the geometry of the magnetic field and boundaries such as the magnetopause and the plasmapause, but also by the generation mechanism. It varies with L-shell value and local time. During the time interval between 21:00 and 23:00 UT, the Geotail satellite traversed through the dawnside magnetosheath towards the interplanetary medium, while the Cluster-1 satellite was flying within the magnetosphere crossing L shell 11.7 to 5.3. Based on observations from the Cluster-1 satellite, along with the GOES-10 and 12, as well as the Polar satellites, Wang et al. (2008) have shown that ULF oscillations' period varied with Cluster-1 observing the shortest period and Polar the longest. The period of toroidal and poloidal mode ranged from 128 to 512 s, with the spectrum peak period near 256 s indicative of a Pc5 wave activity.
As we can see in Fig. 14, from the radial to the parallel component, the wavelet power spectrum density in the Pc5 frequency band decreased remarkably from 6 nT 2 Hz −1 to approximately 2 nT 2 Hz −1 in the MFA components of the Geotail magnetic field time series. In the toroidal component of the magnetic field, the Pc5 oscillations had the largest amplitude, while the poloidal components were weaker, and the compressional component almost could not be seen compared to the above two modes.
Discussion and conclusions
We have analyzed multi-point observations from the CHAMP, Cluster and Geotail missions during the Halloween 2003 superstorm in order to investigate ULF wave activity present during the evolution of the the storm with newly developed tools based on continuous wavelet transforms. As demonstrated in the previous sections, these wavelet-based tools are capable of examining magnetic field measurements from: -a topside ionosphere or a magnetospheric mission; -a single-satellite or a multi-satellite mission; and consequently, identify ULF waves at the: -Pc3 (topside ionosphere and magnetospheric missions) or -Pc4-5 (magnetospheric missions) frequency range.
We have started our analysis by examining CHAMP data for signatures related to ULF waves occurring during different phases of the magnetic superstorm. Due to the CHAMP satellite's fast motion through field lines in a LEO orbit, we have been able to reliably detect Pc3 (but not Pc4-5) waves along its orbit. present clear evidence of Pc3 wave activity observed simultaneously by satellites in the topside ionosphere to the outer magnetosphere and the magnetosheath. Moreover, based on Cluster-1 and Geotail data, we were able to draw inferences on Pc5 wave activity associated with the specific superstorm.
During the Halloween 2003 superstorm, strong compression of the magnetotail, as evidenced by enhanced tail field strengths and increased plasma density, was observed by Geotail (Miyashita et al., 2005 These are past studies on the Halloween 2003 superstorm that are consistent with the results presented in this paper for the third time interval, i.e., from 21:00 to 23:00 on 31 October 2003. Zong et al. (2007) examined Cluster mission magnetic field data collected between 21:30-22:30 UT on 31 October 2003 and found evidence for Pc5 waves occurrence. The observed magnetic ULF pulsations were dominated by the toroidal mode, accompanied by a relatively weak poloidal mode. The ULF modulation terminated where higher frequency fluctuations appeared as the Cluster spacecraft entered the plasmasphere boundary layer (PBL), where the plasma ion density was abruptly elevated. In addition, Wang et al. (2008) identified Pc5 wave activity between 21:00-23:00 UT on 31 October 2003 in Cluster-1, GOES 10, GOES 12 and Polar magnetic field measurements. In comparison to the observations of Wang et al. (2008) , we have found that Pc5 waves can be seen in all the MFA components of the Cluster-1 spacecraft during the same time interval.
Nonetheless, the analysis presented in the previous sections encompasses a total of three consecutive, though distinct time intervals of enhanced ULF wave activity with simultaneous observations spanning from the magnetotail to the innermost magnetosphere. On the other hand, Engebretson et al. (2007) have reported unusual wave activity in the Pc1-2 frequency range observed by the Cluster spacecraft in association with the Halloween 2003 storm. At the onset of the superstorm on 29 October 2003, intense broadband activity in the frequency range between ∼0.1 and 0.6 Hz appeared simultaneously at all four spacecraft located on both sides of the magnetic equator at perigee (near 14:00 UT and 08:45 MLT). It should be noted that wave power was especially strong and more structured in frequency in the compressional component, while a minimum was observed at 0.38 Hz, corresponding to the oxygen ion cyclotron frequency.
Apart from Wang et al. (2008) , Pc5 waves on 31 October 2003 identified in the geosynchronous GOES satellites' measurements, Pilipenko et al. (2010) have found that during periods of ground Pc5 activity enhancement on 29 and 31 October 2003 (05:00-24:00 and 00:00-19:00 UT, respectively), the GOES 10 satellite located in the morning sector of the magnetosphere detected Pc5 pulsations, most evident in the toroidal component. Rae et al. (2005) presented an interval of extremely longlasting narrowband Pc5 pulsations during the recovery phase of a large geomagnetic storm on 25 November 2001. These pulsations occurred continuously for many hours and were observed throughout the magnetosphere and in the dusksector ionosphere. The fortuitous spacecraft conjunction of the Cluster, Polar, and geosynchronous satellites in the dusk sector during a 3 h subset of this interval has allowed extensive analysis of the global nature of the pulsations and the tracing of their energy transfer from the solar wind to the ground. Herein, we demonstrate the applicability of our tools to the analysis of similar spacecraft conjunctions.
The consistency between the Pc3 and Pc5 wave observations confirm the applicability and the potential of our wavelet-based algorithms for the analysis of multiinstrument multi-satellite observations and the detection, identification and classification of ULF waves. In the past decade, a critical mass of high-quality scientific data on the electric and magnetic fields in the Earth's magnetosphere has been progressively collected. This data pool will be further enriched by the measurements of the upcoming ESA/Swarm mission, a constellation of three satellites in three different polar orbits between 400 and 550 km altitude, which will be launched in 2013. This data pool provides unique opportunities to study ULF pulsations in the magnetosphere (e.g., Constantinescu et al., 2007; Usanova et al., 2008; Sarris et al., 2009; Picket et al., 2010) . New analysis tools that can cope with increased volume of measurements by numerous spacecraft located at different regions of the magnetosphere, similar to the ones employed in the present study, will effectively enhance the scientific exploitation of the continuously accumulated data.
